The physiological correlation between casein kinase 2 (CK2) and two Src family tyrosine kinases (Src-TKs, Fyn and Src) was mainly investigated in vitro. It was found that (i) Thr-residues of these two Src-TKs were preferentially phosphorylated by CK2 using [g g-32 P]GTP as a phosphate donor; (ii) this phosphorylation was highly stimulated in the presence of poly-Arg; (iii) full phosphorylation of two Src-TKs by CK2 resulted in significant reduction of their TK activities; and (iv) quercetin (a CK2 inhibitor) inhibited the CK2-mediated reduction of their Src-TK activities in vitro. Under the same experimental conditions, similar results were obtained with Yes. These results suggest that CK2 may be a protein kinase responsible for the suppression of at least three Src-TKs (Fyn, Src and Yes) through the specific phosphorylation of their Thr-residues at the cellular level.
Casein kinase 2 (CK2) is a highly conserved enzyme having extensive homology across species and almost complete structural identity among mammalian tissues. CK2 consists of two catalytic subunits (a and aЈ) and a regulatory subunit (b) existing as a 2 b 2 , aaЈb 2 or a 2 Јb 2 configurations, such that the a-subunits are linked via the a-subunit. CK2 can utilize both ATP and GTP as phosphate donors, unlike the other major protein kinases. 1) Large numbers of cellular proteins function as putative substrates for CK2, which effectively phosphorylates acidic proteins containing the general consensus sequence S/TXXD/E.
1) The wide substrate specificity of CK2 is distinguished from those characterized for cAMPdependent protein kinase (PKA), cGMP-dependent protein kinase and Ca 2ϩ -dependent protein kinase (PKC). Therefore, CK2 may be responsible for wide ranging metabolic changes within the cell through phosphorylation of a large number of cellular proteins, including metabolic enzymes, in different metabolic pathways. 2) In mammals, the Src family tyrosine kinases (Src-TKs) consist of eight members: Src, Fyn and Yes are ubiquitously expressed while Lck, Hck, Fgr, Lyn and Blk have more restricted tissue expression, mainly in hematopoietic cells. The primary structure of Fyn is highly homologues to those of the other Src family members. 3, 4) It is synthesized and cotranslationally myristoylated on cytosolic polysomes, 5) and is rapidly targeted to the plasma membrane, where additional fatty acylation with palmitate occurs. The biological functions of Fyn are diversed, and are related to its association with a variety of intracellular signaling molecules and to its phosphorylation of a wide variety of intracellular signaling molecules, such as a-synuclein 6) and a 120 kDa protein of the casitas B-lineage lymphoma (Cbl) protooncogene. 7) It has been reported that (i) CK2 can phosphorylate insulin receptor tyrosine (Tyr)-kinase, 8) and insulin growth factor-II (IGF-II) receptor Tyr-kinase 9) in vitro and in vivo; (ii) the asubunit of CK2 is a target for Abelson murine leukemia (Abl) Tyr-kinase and its complex with cAbl inhibits CK2 activity at the cellular level; 10) and (iii) the a-catalytic activity of CK2 is stimulated through its phosphorylation by either Lyn or c-Fgr in vitro. 11) However, the physiological correlation between these TKs and CK2, and the physiological significance on the CK2-mediated regulation of these TK activities remain to be elucidated. Therefore, the present study was carried out to examine the physiological significance of the CK2-mediated phosphorylation of three Src-TKs (Fyn, Src and Yes) on their TK activities in vitro. P-labelled Fyn or Src in the reaction mixtures was detected by SDS-PAGE followed by autoradiography, as reported previously. [13] [14] [15] 
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Phosphorylation of Src-TKs by CK2 in Vitro Fyn (bovine thymus) contains at least ten potential phosphorylation sites including four Thr-residues for CK2 (at positions 96, 125, 432 and 524). In these in vitro experiments, [g-32 P]GTP was used as a phosphate donor for the CK2-mediated phosphorylation of Src-TKs to eliminate their autophosphorylation. As expected, phosphorylation of Fyn by CK2 was detected when Fyn was incubated with CK2 and 5 mM [g-32 P]GTP in the presence or absence of poly-Arg (a CK2 activator). This phosphorylation was stimulated about 6.0-fold in the presence of poly-Arg ( (Fig. 3A) . Only Thr-residues were detected as phosphoamino acids of Fyn fully phosphorylated by CK2 in the presence of both 5 mM [g-32 P]GTP and poly-Arg (lane 2, Fig. 3B ). Under the same experimental conditions, a similar phosphorylation of Thrresidues on rSrc and Yes was observed (data not shown). These results show that CK2 preferentially phosphorylates Thr-residues on three Src-TKs (Src, Fyn and Yes) using [g- secretory type IIA phospholipase A 2 , 18) 60S acidic ribosomal P proteins, 19) and HIV-1 enzymes (reverse transcriptase 14) and protease 15) ) in vitro; and (ii) plant polyphenol-containing antioxidant compounds, such as quercetin and epigallocatechin gallate (EGCG), are potent CK2 inhibitors in vitro. 14, 15, 19) The inhibitory effects of quercetin on the CK2-mediated phosphorylation of Fyn and on the activity (phosphorylation of Src-SP) of Fyn were determined under opti- P-labeled Src-SP in the reaction mixtures was measured using a P81 filter paper. The activity of Fyn increased time-dependently upto 60 min and reached a plateau at 120 min (Fig. 4) . No significant inhibitory effect of quercetin (even at 1 mM) on the activity of Fyn was observed, whereas the CK2-mediated phosphorylation of Fyn was completely inhibited by 0.3 mM quercetin (Fig. 4) . Under the same experimental conditions, a similar inhibitory effect of quercetin was observed using rSrc instead of Fyn. These results show that quercetin at 0.3 mM completely inhibits the CK2-mediated phosphorylation of two Src-TKs (Fyn and rSrc) without significant affecting on their TK activities in vitro.
Effect of the CK2-Mediated Phosphorylation of Three Src-TKs on Their TK Activities in Vitro The physiological significance of the CK2-mediated phosphorylation of Fyn was examined in vitro. After preincubation (90 min at 30°C) of Fyn with CK2 in the presence of both cold GTP (5 mM) and poly-Arg (approx. 1 mg), the enzyme activities of phosphorylated and unphosphorylated Fyn were compared. The activity (phosphorylation of Src-SP) of Fyn was significantly reduced when Fyn was fully phosphorylated by CK2 in the presence of both cold 5 mM GTP and poly-Arg (Fig. 5B) . In contrast, no significant reduction of Fyn activity was detected when Fyn was preincubated with CK2 in the presence of 0.3 mM quercetin (Fig. 4) . The activity of Fyn fully phosphorylated by CK2 was about 80% reduced in comparison with that of unphosphorylated Fyn in vitro (Figs. 5B, C) . The activity of phosphorylated Fyn was reduced in a time-dependent manner (Fig. 6C) . These results suggest that CK2 may 
Fig. 4. Characterization of Quercetin as a Selective Inhibitor of the CK2-Mediated Phosphorylation of Fyn in Vitro
To determine the effect of quercetin on the activity (phosphorylation of Src-SP) of Fyn, Src-SP was incubated for 30 min at 30°C with Fyn (approx. 2 units) and 5 mM [g-32 P]ATP in the presence of the indicated doses of quercetin. After incubation, 32 P-labeled Src-SP in the reaction mixtures (50 ml) was applied onto a P81 paper and the [ 
Fig. 5. Reduction of Fyn Activity after its Full Phosphorylation by CK2 in Vitro
[A] Fyn (approx. 2 units) was incubated with CK2 (approx. 1 unit) and 5 mM [g-32 P]GTP for the indicated periods at 30°C. After incubation, 32 P-phosphorylated Fyn in the reaction mixtures was detected by SDS-PAGE followed by autoradiography. The autoradiogram was scanned by a spectrophotometer. One hundred percent represents Fyn fully phosphorylated with CK2 for 120 min at 30°C (᭹).
[B] Fyn (approx. 2 units) was preincubated for 120 min at 30°C with CK2 (approx. 1 unit) and 5 mM GTP in the presence of poly-Arg (approx. 1 mg) or 0.1 mM quercetin. After full phosphorylation of Fyn by CK2, the activity (phosphorylation of Src-SP) of phosphorylated or unphosphorylated Fyn was determined using 5 mM [g-32 P]ATP as a phosphate donor. After incubation (30 min at 30°C), the 32 P-labeled Src-SP in the reaction mixtures (50 ml) was applied onto a P81 paper and the [ 32 P]radioactivity on the paper was measured by a liquid scintillation counter. One hundred percent represents the activity of unphosphorylated Fyn.
[C] Fyn (approx. 2 units) was preincubated for the indicated periods at 30°C with CK2 (approx. 1 unit), 5 mM GTP and poly-Arg (approx. 1 mg) in the presence (᭺) or absence (᭹) of 0.1 mM quercetin. After preincubation, the reaction mixtures were incubated for 30 min at 30°C with Src-SP and 5 mM [g-32 P]ATP, the 32 P-labeled Src-SP in the reaction mixtures was applied onto a P81 paper and the [ 32 P]radioactivity on the paper was measured by a liquid scintillation counter. One hundred percent represents the Fyn activity after preincubation of Fyn without CK2 and GTP. All mean values (A-C) from three different experiments. be a protein kinase responsible for the reduction of Fyn activity through its full phosphorylation in vitro.
Under the given experimental conditions, it was confirmed that (i) phosphorylation of rSrc (p60c-Src) by CK2 was a time-dependent manner (Fig. 6A) ; and (ii) this phosphorylation was prevented by 0.3 mM quercetin in a manner similar to that observed for Fyn in vitro (Fig. 6B) . However, polyArg significantly reduced the CK2-mediated phosphorylation of rSrc in vitro (data not shown), as previously demonstrated with HIV-1 reverse transcriptase 14) and protease, 15) which contain basic amino acid-rich domains. The activity of Src decreased linearly in a manner dependent on the preincubation time of rSrc with CK2 and 5 mM GTP in the absence of poly-Arg (Fig. 6C) . The activity of rSrc fully phosphorylated by CK2 was about 75% reduced in comparison with that of unphosphorylated Src in vitro (Fig. 6B) . In addition, similar observations were observed with Yes in the absence of polyArg. Taken together, all these results suggest that full phosphorylation of at least three Src-TKs (Fyn, Src and Yes) by CK2 results in the significant reduction of their TK activities in vitro.
DISCUSSION
It was found that (i) CK2 preferentially phosphorylated Thr-residues of Fyn using [g-32 P]GTP as a phosphate acceptor in vitro (Fig. 3B) ; and (ii) this phosphorylation was highly stimulated by poly-Arg (Figs. 1, 3A) , but completely inhibited by 0.3 mM quercetin without significant affect on the activity of Fyn in vitro (Fig. 4) . A similar phosphorylation of rSrc by CK2 (Fig. 5A) and the similar inhibitory effect of quercetin on the CK2-mediated phosphorylation of rSrc were observed in vitro (lane 3, Fig. 2 ). Under the same experimental conditions, similar results were observed with Yes (data not shown). These results show that (i) CK2 preferentially phosphorylates Thr-residues of at least three Src-TKs (Fyn, Src and Yes) in vitro; and (ii) quercetin is a selective inhibitor for the CK2-mediated phosphorylation of these three SrcTKs in vitro.
Since it has been reported that CK2 can phosphorylate insulin receptor TK, 8) and insulin growth factor-II (IGF-II) receptor TK 9) in vitro and in vivo, the physiological significance of the CK2-mediated phosphorylation of two Src-TKs (Fyn and Src) on their TK activities was determined in vitro. As expected, we found that (i) the CK2-mediated phosphorylation of these two Src-TKs resulted in significant reduction of their TK activities in vitro (Figs. 5B and 6B); and (ii) quercetin inhibits the CK2-mediated reduction of these TK activities in vitro (Figs. 5B and 6B). At least two CK2 phosphorylation sites (Thr-residues) at positions 432 and 524 of Fyn as well as positions 431 and 523 of Src may be preferentially phosphorylated by CK2 in vitro. This speculation is supported by evidence that (i) the amino acid sequences of the two phosphorylation sites (Thr-residues) among 8-10 potential phosphorylation sites for CK2 in eight Src-TKs are well conserved (Table 1) ; (ii) the partial amino acid sequences between the phosphorylation sites (Thr-residues) for CK2 and an autophosphorylation site among three Src-TKs (Src, Fyn and Yes) exactly correspond (Table 1) ; and (iii) the C-terminal phosphorylation site (Thr-residue at position 523 of Src, position 524 of Fyn and position 531 of Yes) for CK2 of these three Src-TKs (Table 1) is close to the phosphorylation site (Tyr-residue) specifically recognized by carboxyl terminal Src kinase (Csk). Indeed, the phosphorylation of Tyr-residue at position 529 of Src, and position 537 of Yes by Csk results in the suppression of their TK activities in vitro. [20] [21] [22] Therefore, it seems likely that the specific phosphorylation of the C-terminal phsphorylation site (Thrresidue at position 523 of Src, position 524 of Fyn and position 531 of Yes) by CK2 may be involved in the suppression of their TK activities at the cellular level.
Previously, we reported that (i) CK2 is greating activated in the presence of basic proteins, such as DNA-binding sperm proteins (protamines), 12) and HIV-1 Rev 13) in vitro; (ii) activation of CK2 is required to promote the biological events at the early stages of T cell proliferation induced by interleukin, 23) fertilization of sea urchin eggs 24, 25) and in cells infected with human immunodeficiency virus type 1 13) or vesicular stomatitis virus 26) ; and (iii) an activated CK2 preferentially phosphorylates a number of functional proteins (transcriptional and translational factors, metabolic enzymes, and DNA-binding proteins involved in DNA replication) in proliferating cells 10) as well as specific phosphorylation of viral proteins in the infected cells. 27) In addition, it has been reported that an increased CK2 level is implicated in the metabolic activation and gene expression involved in the promotion of cellular proliferation, and loss of CK2 activity is associated with cell death. 28) Therefore, it seems likely that the Src-TK-mediated transductions, such as phosphorylation of a-synuclein (a 14 kDa protein in association with the P-phosphorylated rSrc in the reaction mixtures was detected by SDS-PAGE followed by autoradiography (᭹). The autoradiogram was scanned by a spectrophotometer. One hundred percent represents full phosphorylation of rSrc by CK2 after incubation for 120 min at 30°C. [B] rSrc (approx. 1 unit) was preincubated for 120 min at 30°C with CK2 (approx. 1 unit) and 5 mM GTP in the presence or absence of 0.1 mM quercetin. After full phosphorylation of rSrc by CK2, the activity (phosphorylation of Src-SP) of phosphorylated or unphosphorylated rSrc was determined using 5 mM [g-32 P]ATP as a phosphate donor. After incubation (30 min at 30°C), the 32 P-labeled Src-SP in the reaction mixtures was applied onto a P81 paper and the [ 32 P]radioactivity on the paper was measured by a liquid scintillation counter. One hundred percent represents the activity of rSrc preincubated without CK2.
[C] rSrc (approx. 1 unit) was preincubated for the indicated periods at 30°C with CK2 (approx. 1 unit) and 5 mM GTP in the presence (᭺) or absence (᭹) of 0.1 mM quercetin. After preincubation, the reaction mixtures (50 ml) were incubated for 30 min at 30°C with Src-SP and 5 mM [g- pathogenesis of Parkinson's and Alzheimer's diseases) in the signaling pathway of neuronal cells 6) and phosphorylation of Cbl (involved in signal induced by T cell receptor antagonist 7) ) may be closely involved with the CK2-mediated regulation of Src-TK activity at the cellular level. However, the biological significance of the CK2-mediated reduction of Src-TK activity in the signal transduction involved in cell activation and proliferation is unclear at present.
To understand clearly the biological significance of the CK2-mediated suppression in the Src-TK-induced signal transduction involved in cell proliferation, further analytical studies are required (i) to detect the specific phosphorylation of Src-TKs by CK2 and the targeting functional factors for the phosphorylated Src-TKs; and (ii) to determine the biological significance of the CK2-mediated suppression of SrcTKs involved in cell proliferation at the cellular level.
